We studied the dopant concentration distribution and conductivity in ZnO:Mn films grown by metalorganic chemical vapor deposition. The ion beam, surface, and microstructural properties of undoped ZnO films were compared with Mn-doped ZnO films. Suppression of ZnO conductivity was observed for Mn doping up to ϳ4.5 at. %. The presence of Mn 2+ , confirmed by x-ray photoelectron spectroscopy, is correlated with the reduction in conductivity. Variable-temperature Hall effect measurements yield an activation energy of 170 meV, consistent with deep donors in the bulk or at the interface. The results suggest that the incorporation of substitutional Mn suppresses the formation of native defects such as oxygen vacancies.
I. INTRODUCTION
Zinc oxide ͑ZnO͒, a wide band gap semiconductor, has received attention for a variety of applications.
1 Among the transition-metal dopants, manganese ͑Mn͒ is considered to be a promising candidate for dilute magnetic semiconductors.
2 Fukumura et al. showed that a high amount of Mn ͑up to 35%͒ can be incorporated into ZnO without changing the wurtzite structure. 3 However, there are other studies that found segregation of the Mn 3 O 4 phase even at low Mn concentrations. 4 Liu et al. 5 studied Mn-doped ZnO films by radio frequency magnetron sputtering and observed that 25% of the Mn atoms reside in substitutional sites. In this paper, we report the suppression of conductivity in oriented and lightly doped ͑up to ϳ4 at. %͒ ZnO:Mn films. In addition, the Mn ions cause a blueshift of photoluminescence ͑PL͒ energy.
A wide variety of thin film growth techniques have been utilized to grow oriented or epitaxial ZnO thin films. Metalorganic chemical vapor deposition ͑MOCVD͒ has been one of the popular techniques to grow ZnO due to its high throughput, scalability in operation, and high purity of the precursor solutions. The challenges for MOCVD precursor volatility can be tackled by using appropriately designed main and dopant precursors that decompose at similar temperatures. Precursors such as bis͑2,2,6,6-tetramethyl-3,5-heptanedionato͒zinc ͓Zn͑TMHD͒ 2 ͔ provide a good compromise between appropriate volatility and environmental safety with less carbon contamination in the films. 
II. EXPERIMENTAL
A cold-wall Emcore MOCVD system at Environmental Molecular Sciences Laboratory, PNNL, was used to grow the ZnO thin films. The zinc ͓Zn͑TMHD͒ 2 ͔ and manganese ͓Mn͑TMHD͒ 2 ͔ precursors were dissolved in a tetrahydrofuran solution to a molar concentration of 0.025M. The depositions were made on c-plane sapphire and ͑100͒ oriented silicon substrates. The Mn concentrations were varied by adjusting the Zn and Mn precursor flow rates during the deposition. Visually, a more yellowish appearance was observed in the films with higher Mn content. Nitrogen was used as a carrier gas. For better oxidation, oxygen gas was also injected into the reactor. We note that the thickness of ZnO films has a linear relationship with partial deposition pressure in the range of 5-60 Torr. This situation is typically present when a feed rate limited condition exists during the deposition. We also note that changing the precursor flow rates in the range of 50-100 g/h does not significantly alter the film thickness at a given constant pressure. Deposition at a reactor pressure of 60 Torr results in a growth rate of ϳ1 Å/ s. Details of the growth parameters are presented in Table I .
The structural properties of the films were determined by x-ray diffraction ͑XRD͒ using Cu K␣ x-rays. Elemental quantification was made by proton-induced x-ray emission ͑PIXE͒. Rutherford back scattering spectrometry ͑RBS͒ meaa͒ Electronic mail: mattmcc@wsu.edu. surements were made by using 2.0 MeV He + ions at normal incidence. Thickness and chemical composition of the films were determined by fitting the experimental data using the SIMNRA program. The chemical compositions were also examined with x-ray photoelectron spectroscopy ͑XPS͒, and the measurements were made by using a Physical Electronics Quantum 2000 Scanning ESCA Microprobe with monochromatic Al K␣ x-rays ͑1486.7 eV͒ source and a spherical section analyzer. ͑In this paper, 1.5 at. % means that the Zn 1−x Mn x O film has x = 0.015.͒ To remove carbon contamination at the surface, Ar + ion sputtering was performed using 2 kV Ar + ions with a sputter rate of 2.8 nm/min. The etched thicknesses of the films were varied from 0.07 to 1.1 nm. The charge correction was made by referencing the O 1s line at 530.4 eV from a known ZnO reference. Temperature dependent electrical conductivity measurements were made with the standard four-probe van der Pauw geometry. The films grown on single crystal sapphire substrates were used for electrical conductivity measurements. Room temperature PL spectra were taken by a laser source with 325 nm excitation wavelength.
III. RESULTS AND DISCUSSION
The XRD spectra of undoped and Mn doped films grown on Si ͑100͒ single crystals show dominant peaks for the ZnO ͑002͒ plane and ͑004͒ plane ͑Fig. 1͒. The results confirm that the films are well oriented along the c-axis. Within the XRD detection limit, no secondary phase formation related to Mn-O was detected. The as-recorded c-axis lattice parameter for the undoped sample was 5.20 Å. After assuming that the films are completely relaxed due to the ϳ100 nm thickness, the c-axis lattice parameters for Mn doping of ϳ1.5 and ϳ4.5 at. % are observed to be slightly increased to 5.21 Å and 5.22 Å, respectively. This shift to lower diffraction angle as a function of Mn incorporation is shown in the inset of Fig. 1 . It is possible that substitution of Mn 2+ for Zn 2+ expands the lattice parameter due to the larger ionic radius of the Mn 2+ ion. The ionic radius for Mn 2+ ͑0.91 Å͒ is ϳ10% larger than that for Zn 2+ ͑0.83 Å͒. An atomic Mn fraction of 2% should result in a lattice parameter increase of ϳ0.01 Å, which is in reasonable agreement with our observations. 7 A similar increase in the ZnO lattice parameter with addition of Mn was observed by Chikoidze et al. 7, 8 In addition, the lack of major structural disorder in doped films was confirmed by the consistency of peak widths without further broadening.
PIXE is highly sensitive to elemental analysis and thus is an excellent technique to quantify the overall concentration of host as well as dopant materials. A typical PIXE spectrum for the ϳ4.5 at. % Mn doped film is shown in Fig. 2 . The Mn K␣ emission, along with Zn and Si peaks, can be seen in the spectrum. The inset of Fig. 2 shows an RBS spectrum of the same ZnO:Mn film. The fit to the data yields a film thickness ϳ100 nm. High resolution XPS spectra for the Zn 2p, O 1s, Mn 2p, and Mn 3p regions are shown in Figs. 3 and 4. The intensity ratios between O and Zn were mostly unaffected by Mn incorporation. Despite the lack of Mn dopants in the undoped ZnO sample, there is a weak and broad peak at an energy around 640 eV. This peak is the Auger line of Zn 2p state ͑Fig. 4͒ originating from Auger emission of Zn atoms. Hence, instead of using Mn 2p peak, we used the weaker Mn 3p peak for the analysis of Mn composition to avoid the convolution of the Zn Auger emission. The Mn 2p and Mn 3p peak positions and widths are consistent for all Mn concentrations, which indicates that the Mn 2+ state is dominant in all Mn-doped films. The ratio of zinc to oxygen compositions as a function of Mn content, calculated from both XPS and PIXE, are presented in Fig. 5 . Ar + ion sputtering was used to remove surface layers and XPS analysis after sputtering indicates substantial removal of the surface hydrocarbons. The data were obtained ͑a͒ from PIXE, ͑b͒ from XPS, ͑c͒ from XPS with corrections that account for hydrocarbon peaks, and ͑d͒ from XPS after Ar + ion sputtering. For most part, the XPS ratio analyses indicate Zn-rich films. One reason for that result may be that the oxygen sensitivity factor is different than that for Zn. A second reason is that oxygen is known to sputter out preferentially. 9 As seen in Fig. 5͑a͒ , the PIXE technique indicates that the ratio of Zn to O decreases as a function of Mn doping concentration. This trend is consistent with the substitution of Mn for Zn.
Variable-temperature Hall effect measurements indicate that the conductivity decreases with increasing Mn content ͑Fig. 6͒, in agreement with other reports of Mn-doped ZnO. 10, 11 All data were fit to the following equation:
where the first term represents thermal excitation of electrons into the conduction band and the second term represents the hopping conductivity. The activation energies for the ZnOand Mn-doped films were 173͑10͒, 165͑10͒, and 176͑35͒ meV, respectively, consistent with deep donors in the bulk or at the interface. The exponents were n = 0.23, 0.22, and 0.19; however, the errors were large such that n and T 0 could not be determined independently. Since the Mn 2+ state lies within the valence band, 12 Mn impurities do not act as donors or acceptors. However, it is possible that the incorporation of Mn atoms suppresses the formation of native defects such as oxygen vacancies. The suppression of native defects was also reported by Philipose et al., 13 who observed a reduction in midgap PL emission in Mn-doped ZnO.
PL spectra of undoped and Mn doped films are shown in Fig. 7 . The PL peak position shifts to higher energy as Mn doping increases. This shift is presumably due to an increase in the band gap. Using optical transmission spectra, Samanta et al. 14 15 In contrast to these studies, we did not observe significant emission in visible region. This discrepancy may arise from our excitation wavelength ͑325 nm͒, which may be too short to be absorbed by native defects such as oxygen vacancies.
IV. CONCLUSION
In summary, we have correlated the ion beam and surface properties of Mn doped ZnO films with the observation of suppressed conductivity in ZnO. The films were well oriented in c-axis direction with wurtzite structure. Within our detection limit, we did not detect any secondary phases, which is not surprising given the relatively low Mn doping concentrations. 
